An add-drop filter (ADF) fabricated using a whispering gallery mode resonator has different crosstalks for add and drop functions due to non-zero intrinsic losses of the resonator. Here, we show that introducing gain medium in the resonator and optically pumping it below the lasing threshold not only allows loss compensation to achieve similar and lower crosstalks but also tunability in bandwidth and add-drop efficiency.
Add-drop systems formed by whispering gallery mode resonators (WGMR) side-coupled to two waveguides or tapered optical fibers have found applications in a variety of areas, including but not limited to optical sensing, optical communication and signal processing.
In particular, there is an increasing interest in their use as optical filters, multiplexers and switches in optical communication networks due to their microscale size, ultra high quality factor Q and large free spectral range.
A WGMR in add-drop configuration-referred to as an add-drop filter (ADF)-selects and transfers a signal light on-resonant with its resonance wavelength either to the add or to the drop port depending on which of the two input ports are used. The signals with off-resonant wavelengths are transferred through the waveguide without coupling into the resonator [1] [2] [3] .
In many realizations of ADFs, the resonance line of the resonator is tuned via thermo-optic effect to provide channel selectivity 4, 5 .
An ADF is required to have low crosstalk (ideally zero), and high add-drop efficiencies (ideally unit efficiency). The lower the total loss is, the higher the add-drop efficiency is and also in certain condition the lower the crosstalk is. Therefore, the material of the resonator should be of low-loss in the spectral band of operation, and great care should be taken to minimize the scattering, radiation and coupling losses during the fabrication and coupling processes. Whispering-gallery-mode resonators used in ADFs are typically fabricated from silica, silicon or silicon nitride which have non-zero material loss in the telecommunication band. Moreover, scattering, radiation and coupling losses are fixed at the time of fabrication, so there is not much one can do about these losses after the ADF is fabricated. A mechanism that may help to control or compensate the losses dynamically, even after the fabrication is completed, will be of great interest.
Here we first derive the conditions to achieve zero crosstalk and unit efficiency for a WGMR-based ADF and discuss how one can approach these optimal conditions in practice. We then experimentally demonstrate that a WGMR with tunable optical gain (active WGMR) in ADF configuration helps to dynamically control and compensate a portion of the losses enabling higher add-drop efficiencies and minimal crosstalk, as well as to tune the bandwidth. We also show that with an active WGMRs in ADF, crosstalk values for adding and dropping can be made the same, which cannot be achieved without the optical gain provided in the active WGMR.
A schematics of the ADF is given in Fig. 1 . Assuming an intrinsic loss (sum of material, 2 scattering and radiation losses) of κ 0 , we find that for drop functionality the transmission coefficient T 1→2 = |a 2 /a 1 | 2 is given by 4 :
where κ 1 and κ 2 denote coupling losses between the WGMR and the waveguides, and ∆ ≡ ω − ω c is the detuning between the laser frequency ω and the resonance frequency ω c of the resonator.
At resonance (∆ = 0), we find that Eq. 1 becomes
Similarly, we find the drop efficiency D 1→4 = |d| 2 = |a 4 /a 1 | 2 at resonance as
Here T 1→2 corresponds to crosstalk in the system, and should be set to zero for zero crosstalk at ∆ = 0. It is easy to see that zero-crosstalk is achieved for
which is also the condition for critical coupling for the WGMR-bus waveguide coupling.
Performing the same for the add-functionality with the input at port 3, we find the transmission T 3→4 = |a 4 /a 3 | 2 and the adding efficiency A 3→2 = |a 2 /a 3 | 2 at resonance as
and
Imposing the zero-crosstalk condition T 3→4 = 0 here, we find that
which corresponds to the critical coupling condition for the WGMR-drop waveguide cou- and the waveguides. Note that thermal and MEMS can be used for on-chip ADFs fabricated using WGMR and coupled waveguides whereas the nanopositioning system is required for
ADFs built using WGMR and coupled fiber tapers.
Equations 2 and 5 reveal that for any given setting of {κ 0 , κ 1 , κ 2 } crosstalk of add and drop functions are different unless WGMR-bus and WGMR-drop waveguides are simultaneously operated at critical coupling (i.e., Eqs. 4 and 7). This, on the other hand, can be satisfied if and only if κ 0 = 0. In other words, to achieve zero crosstalk for both the add and the drop functions of the ADF, intrinsic loss κ 0 should be zero. Apparently, this is very challenging in practice, because one cannot avoid intrinsic losses completely during the fabrication of the ADF. Therefore, strategies to minimize κ 0 are needed to achieve higher add-drop efficiencies and lower crosstalks for add and drop. In the following, we show experimentally that this can be achieved by providing optical gain to compensate the intrinsic losses completely or partially.
The WGMR used in our experiments is a silica microsphere (∼ 90µm in diameter) doped with erbium (Er 3+ ) and ytterbium (Yb 3+ ) ions which provide the necessary optical gain.
The microsphere was fabricated by heating the tip of a tapered silica fiber using a CO 2 laser. 
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In order to fabricate two closely spaced and parallel fiber tapers, we applied the well-known heat-and-pull method simultaneously on two single mode fibers placed on the same fiber holder 4 . The result was two fiber tapers of diameter 2 − 3 µm aligned parallel to each other and separated by around ∼ 150µm. We placed the microsphere between the fiber tapers, and tuned the gap between the microsphere and the fiber taper waveguides by pushing the waveguides closer to the resonator with the help of a fiber-tip controlled by a 3D positioning stage.
In our system Er 3+ ions are pumped indirectly via Yb 3+ which has higher absorption cross-section at 980 nm, increasing the pump efficiency. Excited Yb 3+ ions transfer their energies to Er 3+ ions which then emit light in the 1550 nm to compensate the losses in this band 8, 9 . The signal (probe) to be added or dropped was in the 1550 nm thereby experiencing the effect of the optical gain. A schematic of our experimental setup is shown in Fig. 2 . The pump laser at 980 nm and the probe at 1550nm were input to the ADF at port 1. We used wavelength division multiplexers to separate the pump and probe lights from each other at ports 2 and 4.
To observe the behavior of the probe in response to changes in the pump power, we scanned the pump laser over 10 GHz band and focused on a single high-Q mode. For a sufficiently strong pump, thermal broadening kicks in during up-scanning and the Lorentzian resonance mode transforms into a sawtooth like waveform. Along the slope of this broadened resonance line, the pump power inside the resonator linearly increases as the pump wavelength is scanned (see Fig. 3 ). Thus, by scanning the wavelength of the pump laser, we effectively increase the pump power inside the cavity and hence increase the optical gain 10 .
In our experiments, we kept the pump power below the lasing threshold. The probe signal power was kept sufficiently small such that it did not introduce thermal nonlinearity and did not affect the thermal broadening of the pump.
Transmission spectra T 1→2 obtained at the output port 2 when the input was at port 1 are depicted in Fig. 4 as a function of the pump power. In the following, pump power denotes the power measured at the input of the fiber taper, and is not the intracavity pump power which is much higher than this input power. The WGMR-waveguide coupling was initially set to undercoupling region (κ 1 < κ 2 +κ 0 and κ 2 < κ 1 +κ 0 ) when the pump was off. The gap between the waveguides and the microsphere were kept constant during the experiment. As the pump power was increased, the spectra showed two significant changes as depicted in 4 5 and 5. First is the gain-induced linewidth narrowing (Q-factor enhancement) from 72M Hz to 38.7M Hz which is the result of almost 24 fold decrease in intrinsic loss. Second is the increase in the depth of the resonance dip from 25 % to 2 %, implying a shift of the coupling condition from undercoupling to critical coupling region. As mentioned above, setting the WGMR-waveguide coupling closer to critical coupling reduces the crosstalk. Thus, these observations imply that the provided optical gain compensates a portion of the intrinsic losses κ 0 , resulting in bandwidth reduction and reduced crosstalk. Finally, to show that by compensating the losses, the crosstalks can be balanced and decreased, we put the fiber tapers very close to the resonator (κ 1 , κ 2 >> κ 0 ) and increased the pump power gradually. In Fig. 6 , we give the measured crosstalks for the add and drop functionalities as quantified by the depth of the resonance in the transmission spectra T 3→4
and T 1→2 , respectively. We see that as the pump power increases, loaded Q (i.e., quality factor taking into account all losses including material, scattering, radiation and coupling losses) increases as a result of loss compensation by the optical gain, which in turn, brings our system closer to critical coupling regime and hence leads to deeper resonances in T 3→4
and T 1→2 .
In conclusion, we have demonstrated that optical gain provided by doped rare-earth-ions in a WGMR used for fabricating add-drop filter can help to increase add and drop efficiency, tune the bandwidth and reduce the cross-talk. Although in this proof-of-principle experiment we have used an Er 3+ -Yb 3+ co-doped silica microsphere with two coupled fiber taper waveguides, the concept can be extended to other types of WGMRs, such as silica microdisks and silica microtoroids for which gain by rare- This results in Q-factor enhancement (linewidth narrowing) and decreased crosstalk. Microspherefiber taper coupling shifts from undercoupling (top spectra) to critical coupling (bottom spectra).
Dashed white lines represent the best fit to the experimentally obtained spectra. 
